In the first paper of this series (Aldridge & Davison, 1952) it was shown that inhibition of cholinesterase by a series of substituted diethyl phenyl phosphates increased as their stability to hydrolysis decreased. During this work it was found that many of the inhibitors contained a small amount of a more active inhibitor as an impurity and evidence was produced that this was tetraethyl pyrophosphate (TEPP). Diggle & Gage (1951a) have recently shown that a chromatographically purified preparation of diethyl p-nitrophenyl thionphosphate (E605) has an extremely low inhibitory power against cholinesterase in vitro. In this laboratory this observation has been confirmed using the same sample (Aldridge & Barnes, 1952) . However, many workers have stated that E605 is an active inhibitor of cholinesterase in vitro (Aldridge, 1950; DuBois, Doull, Salerno & Coon, 1949; Engbaek & Jensen, 1951; Grob, 1950; Hecht & Wirth, 1950; Metcalf& March, 1949; Sall6, 1950; Wirth, 1949) . In a report of work carried out during the war years, Schrader (1951) has stated that E605 isomerizes upon distillation and devised a series of tests to determine the diethyl p-nitrophenyl thionphosphate content, its purity and freedom from S-ethyl isomer. In Table 1 are shown the formulae of the three possible isomers of E 605. The whole question of the purity and in vitro activity ofE 605 against cholinesterase has been complicated by the fact that although pure E605 has a low inhibitory power in vitro it is still highly toxic to animals and is converted in vivo to a more active inhibitor of cholinesterase (Diggle & Gage, 1951b; Aldridge & Barnes, 1952) . In this paper we have tried to determine the true in vitro activity of E 605 and its isomers. This has entailed investigation into the purity of our specimens of inhibitors. The specimen of E605 previously used by one of us (Aldridge, 1950) has also been re-examined and it has been found that most of its inhibitory activity is due to diethyl p-nitrophenyl phosphate (E600).
A 'hydrolysis technique' which takes advantage of their different rates of hydrolysis in buffers (Aldridge & Davison, 1952) was developed for the detection of unstable active inhibitors present as impurities. In the examination of the purity of the inhibitors used in this paper (Table 1) this technique has been considerably extended and, with a method for the determination of inhibitors by their inhibitory power, it has been possible to suggest the identity of impurities. With preparations of thionphosphates whose purity has been established by the methods outlined above, the relation between stability to hydrolysis and in vitro inhibitory power has been determined. These additional compounds confirm the relationship previously demonstrated (Aldridge & Davison, 1952) .
METHODS AND MATERIALS
Cholinesterase of sheep erythrocytes has been determined by the manometric method given in detail previously (Aldridge & Davison, 1952) . In the 'hydrolysis technique' the stability of inhibitors has been determined in two buffers. The buffer used for the manometric determination of cholinesterase contains 00357M-NaHCO., 0040M-MgC12, and 0-164M-NaCl. This solution has been used for an examination of the hydrolysis of the S-ethyl isomer of E 605. When not gassed with 5 % CO2 in N2 it has a pH of 8-8-5. The hydrolysis of other inhibitors has been studied in a solution at pH 10-8 containing 0 035M-Na2CO., 0 164m-NaCl. Rates of hydrolysis of inhibitors in these buffers have been determined chemically by colorimetric estimation of the p-nitrophenol or p-nitrothiophenol liberated and also biochemically from the inhibitory power of the solution against cholinesterase. The results of such determinations have been plotted logarithmically in the usual manner to test for first-order kinetics and the velocity constants have been calculated. Throughout this paper the stability of inhibitors has been expressed by these constants (cf. Inhibitory power of two inhibitor8 together. It has been assumed that the inhibition of cholinesterase by one phosphate ester inhibitor is not affected by the presence of another. In a previous paper (Aldridge & Davison, 1952 ) the concentration of TEPP in a known mixture with diethyl p-chlorophenyl phosphate was determined biochemically from its inhibitory power against cholinesterase under standard conditions. Even though the concentration of diethyl p-chlorophenyl phosphate was 150 times that of the TEPP, the determined result was in agreement with the prepared concentration. This can be interpreted as indicating that the inhibition by one inhibitor is not influenced by the other. It was thought desirable to check this point further. The relation between the inhibitory power of inhibitors separately is given by If these inhibitors do not interfere with the action of each other then from equations (1) and (2) KtI + K'tI' =ln b-+ ln -' b b' When t is maintained constant and using for convenience logarithms to the base 10 and K1 and K2 for K and K' respectively to account for these changes, Kll+ K 100 100
If the concentrations of inhibitors, I and I', reduce the activity of the cholinesterase after incubation for a standard time to b and b'% of the original activity respectively then the inhibition due to both together may be derived from 100 100 log1o -+ log10 bo
This relation has been tested using mixtures of diethyl phenyl phosphate and E600. The phenyl compound is present in great excess over the E 600, i.e. in one ofthe experiments 10-3M as compared with 10-8m E600. The results in Table 2 show that the inhibition obtained confirms the relationship derived above and with mixtures of inhibitors of this type little interference of one inhibitor with another is likely.
OO-Diethyl O-p-nitrophenyl thionpho8phate, E605.
Diggle & Gage (1951a) state that the activity of a series of samples of E605 as inhibitors of cholinesterase paralleled their content of S-ethyl isomer of E 605. Clearly, the assessment of these results Table 2 . The inhibition of chotinestera8e by two inhibitore together (E600 and diethyl phenyl phosphate were incubated separately and together with washed sheep erythrocytes for 30 min. at 37°. The cholinesterase activity remaining was determined. The concentrations used were for Exp. 1, E600 Table 3 . The rate of hydrolysis of inhibitors in sodium carbonate at pH 10-8 and 370
(The rate of hydrolysis of inhibitor has been determined chemically by the estimation of p-nitrophenol and p-nitrothiophenol liberated, or biochemically by the determination of the inhibitory power of the solution against sheep erythrocyte cholinesterase (see text, p. 664). All hydrolysis rates were determined in a solution containing Na2CO3 (0-035M), NaCl (0-164m), except the S-ethyl isomer which was hydrolysed too quickly in this medium. The expected rate at pH 10-8 was calculated from values at pH 7-6 (0-067M-phosphate) and pH 9-64 (Michaelis veronal-acetate) using the expression 2-9 x 10-8 3 x 10-4 3-1 x10-8 2-5 x 10-3 depends on the specificity of the method of estimation (Gage, 1952) any S-ethyl isomer present would be hydrolysed in 6 min., the S-phenyl isomer in 32 min. and E600 in 18 hr. (Table 3) . When the inhibitory power of the solution was determined at various times it was found that there was 75 % of the activity left at 20 hr. It is clear that the inhibitory power cannot be due to any ofthe above three inhibitors. The activity of the solution fell exponentially and the rate constant in Table 3 shows that the activity falls at roughly the same speed as the hydrolysis of E605 determined chemically. In view ofthe low solubility of E 605 and the low inhibitory power of the saturated solution this is as good an agreement as can be expected, and indicates that the anticholinesterase activity ofthe solution is probably due to E605 itself. The first-order rate constant for the hydrolysis of E605 has been determined in phosphate buffer, pH 7-6, at 370, one of the hydrolysis products, pnitrophenol, being estimated colorimetrically. The rate constant for the reaction of E605 with erythrocyte cholinesterase has also been determined (Table 4 ). In Fig. 2 these values are plotted, and it is interesting that this point falls near the line established from previous work on E 600 analogues (Aldridge & Davison, 1952) (1. mole-' min.-'), whereas it has now been shown that a purified E 605 gives a rate constant of 1-2 x 102 (1. mole-' min.-'). Diggle & Gage (1951a) have demonstrated a relation between the S-ethyl isomer content of various specimens of E605 and their inhibitory activity. As will be shown later, the inhibition of cholinesterase by S-ethyl isomer does not follow first-order kinetics. It therefore seemed improbable that S-ethyl isomer was responsible for the activity, and an examination of this specimen of E605 has been made. Its inhibitory power has remained unaltered since it was first examined and at a concentration of 1-3 x 10-6M it inhibits sheep erythrocyte cholinesterase 50 % after incubation for 30 min. at 37°. The rate of loss of inhibitory power of a solution of this inhibitor in sodium carbonate, pH 10-8, has been determined. The rate constant for this hydrolysis is given in Table 3 , and indicates that the impurity cannot be the S-ethyl or the Sphenyl isomer and is in all probability E 600.
1-6 % E 600 would account for the inhibitory power of this specimen of E 605.
OO-Diethyl S-p-nitrophenyl thiolphosphate (Sphenyl isomer). This isomer is a pale yellow crystalline solid and is therefore much more readily purified than a liquid with a high boiling point. It is a highly active inhibitor producing 50 % inhibition at 370 in 30 min. at a concentration of 2-8 x 10-8M.
The graph of loglo residual activity against the time of incubation of inhibitor with cholinesterase shows that the lines are slightly curved (Fig. 3) . This can be accounted for by the expected loss of inhibitor due to aqueous (non-enzymic) hydrolysis alone. In phosphate buffer, pH 7-6, at 370 the first-order hydrolysis constant is 5-3 x 1o-4 (min.-); in 2 hr. 1-7 derivatives of diethyl phosphoric acid: 1, p-chlorophenyl; 2, o-chlorophenyl; 3, p-nitrophenyl (E 600); 4, o-nitrophenyl; 5, m-nitrophenyl; 6, phenyl; 7, tetraethyl pyrophosphate. A, S-phenyl isomer of E605; B, E605; C, Q2. Na2CO, solution, (Na2CO3 (0-035 X), NaCl (0-164M)) and in a NaHCO3/Na2CO, solution, pH 8-96 (Na,CO (0-0037m), NaHCO, (0-0238m), NaCl (0-164M)) using the expression K =KH2O +KoH [OH] The constants obtained for this inhibitor fit the relationship between rate of reaction with cholinesterase and stability to hydrolysis (Fig. 2) . OS-Diethyl O-p-nitrophenyl thiolphosphate (S. ethyl isomner). The rate of reaction of this inhibitor with cholinesterase was determined at several concentrations. Fig. 4 shows that a series of curves was obtained when log (%/ residual activity) was plotted against time. These results resembled those obtained with the analogues of E600 which were found to be contaminated with TEPP (Aldridge & Davison, 1952) . TEPP is destroyed bysheep
erythrocytes. An initial rapid inhibition due to the TEPP was obtained, but after 2030 min. this had all been destroyed and the residual rate was due to the E 600 analogue being examined. The S-ethyl isomer is unstable in water and the first-order rate constant at pH 7-6 for its hydrolysis is 1L1 x 10-3 (min.-') ( The observation that the rate of inhibition decreased with time (Fig. 4) inhibited cholinesterase and the rate of inhibition followed first-order kinetics. This solution, which lost its activity slowly over the following weeks, became pale yellow. The yellow colour was extracted with n-butanol from acid solution and then transferred back to a small volume of buffer. The visible and ultraviolet absorption spectra of this solution, both acid and alkaline, were identical with that of p-nitrophenol. The impurity present is more stable than the S-ethyl isomer and liberates p-nitrophenol upon hydrolysis. Diethyl p-nitrophenyl phosphate (E 600) is a highly active inhibitor which fulfils these conditions. This possibility has been examined. It has been shown that the inhibitory power of a solution of the isomer prepared 1 hr. previously in sodium carbonate solution, pH 10-8, falls at the same rate as that of a solution of E 600. This value agrees with the rate of hydrolysis of E600 determined chemically (Table 3 ). In sodium carbonate buffer, pH 10 8, and at 370 the S-ethyl isomer itself will be 95 % hydrolysed in 6 min. and any S-phenyl isomer in 32 min. It is concluded, therefore, that the impurity is E 600. An estimate of the amount of E 600 present may be obtained from the curves given in Fig. 5 on the assumption that all the activity at 48 and 96 hr. is due to E 600. The concentrations of E 600 necessary to produce this inhibition are calculated from the known bimolecular rate constant (1. I X 106 l.mole-1 min.-') and this is then corrected for aqueous hydrolysis back to zero time. By this means we obtain 4-5 and 4d1 % from the results after incubation for 48 and 96 hr. respectively. 00 -Diethyl 0 -7 -(4 -methylcoumaryl)thionpho8phate (E838). This inhibitor which is crystalline (m.p. 41.50) shows little activity in vitro against erythrocyte cholinesterase. A saturated solution contains approximately 5,ug./ml. and at this concentration (1.3 x 10-5M) only 54°% inhibition is produced in 5 hr. No loss of activity of a solution of this compound occurred after incubation at 370 for 14 days at pH 8. It is, therefore, concluded that this sample of inhibitor did not contain any unstable active inhibitor as an impurity. Because of its low solubility and activity the data on the kinetics of inhibition are limited. Sufficient has been obtained to suggest that first-order kinetics are obtained and on the assumption that it is bimolecular the rate constant has been calculated (Table 4) . Due to the lack of a method of high sensitivity for the determination of 7-hydroxy-4-methylcoumarin we have been unable to determine the rate of hydrolysis of E838.
00 -Diethyl 0 -8 -quinolyl thionpho8phate (Q2). Aldridge (1950) showed that inhibition by this substance followed first-order kinetics, but the straight line obtained when logl0 % activity was plotted against time did not pass through the zero.
Part of this inhibition was reversible and the amount below the zero where the lines cut the ordinate [2-(logl0 % activity)] was a measure of this reversible inhibition. In view of the impurities in other inhibitors derived from thiophosphoric acid this compound has been re-examined. A solution of Q2 in a 1:2 benzene-light petroleum mixture was passed through an alumina column. A preparation of Q 2 was obtained which contained the theoretical amount of combined 8-hydroxyquinoline. When the inhibitory power of this purified sample was examined, first-order kinetics were obtained (Fig. 6 ) and the straight lines passed through the zero (100 % activity). , purified as in text; -, unpurified sample as used by Aldridge (1950) . Further determinations with the unpurified sample confirmed the original observations of Aldridge (1950) Gage, 1951b; Aldridge & Barnes, 1952) . Diggle & Gage (1951a) have concluded that the inhibitory power of the specimens of E 605 they examined was due to their content of S-ethyl isomer. However, Gage (1952) states that using his methods of analysis the highly active inhibitors, 8-phenyl isomer and E 600, will both behave like the relatively inactive E 605 and will be reported as such. Evidence has been presented which indicates that pure E 605 has an in vitro inhibitory activity of its own. The S-ethyl isomer studied in this paper is from the same preparation that Diggle & Gage (1951a) used as their standard. We have shown that it contains approximately 4 % E 600. The high inhibitory activity of a specimen of E 605 used previously by one of us (W.N.A.) has been explained by the presence of 1-6% E600. It is clear that caution must be observed before any generalizations are made about the nature of the impurities in various E 605 preparations. The known possibilities are the S-ethyl isomer, the S-phenyl isomer and E600, and it is probable that the proportions of these substances present will depend on the methods of preparation and purification. It is clear from the reports of the work of Schrader (1951) that any form of distillation is inadvisable as a method of purification.
In a previous paper (Aldridge & Davison, 1952) Bimolecular rate constants are a better measure of inhibitory power than the conventional concentration for 50 % inhibition. An examination of the kinetics of inhibition will often indicate the presence of impurities. These will remain undetected with a simple determiination of 50 % inhibition concentration. TEPP which is at least 90 % hydrolysed in 25 min. by sheep erythrocytes gives an apparently normal inhibition curve on plotting log10M concentration of inhibitor against percentage inhibition.
In all cases except one (S-ethyl isomer) abnormal kinetics of inhibition have been shown to be due to impurities, or to aqueous and enzymic hydrolysis of the inhibitor or a combination of both factors. However, if first-order kinetics are obtained it does not necessarily mean that the sample is pure. This is quite clear from the results on a specimen of E 606 containing 1-6% E600 (Aldridge, 1950 ).
In conclusion, it is suggested that an examination of the kinetics of inhibition of erythrocyte cholinesterase together with the application of the 'hydrolysis technique'will help in the detection and sometimes the determination of active impurities in organo-phosphorus inhibitors. The converse is that before it is stated that the reaction of an inhibitor with erythrocyte cholinesterase does not follow firstorder kinetics, it must be demonstrated that the inhibitor is not appreciably hydrolysed during the experiment either enzymically or by aqueous hydrolysis and also that it does not contain highly active impurities. 2. A specimen of E 605 previously used (Aldridge, 1950) owed its high activity to the presence of E600.
3. The S-phenyl isomer of E 605 is a highly active inhibitor and the inhibition follows firstorder kinetics. The specimen of S-ethyl isomer contains approximately 4 % E 600.
4. It was observed (Aldridge & Davison, 1952) that in a series of diethyl phenyl phosphates substituted in the aromatic ring, the more stable to hydrolysis the inhibitor the less effective it is as an inhibitor. This relationship has been extended to include E 605, Q 2 and the S-phenyl isomer of E 605. 5. A 'hydrolysis technique' has been developed and kinetic measurements have been utilized for the detection and determination ofimpurities in organophosphorus inhibitors. These methods are fully discussed.
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